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Introduction
Overexpression of human epidermal growth factor receptor type 2 (HER2) is observed in about 20%-25% of invasive breast cancer cases. 1 HER2 is one of the most important oncogenes in breast cancer and plays an important role in the following cellular processes: proliferation, invasion, metastases, and enhanced survival of cancer cells. 2 To block the activity of HER2, trastuzumab, which is a humanized monoclonal antibody against the IV domain of extracellular fragment of HER2, is currently implemented in submit your manuscript | www.dovepress.com
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adamczyk et al treatment schedules applied for breast cancer. The inclusion of trastuzumab in the treatment regimen is determined by strong expression of HER2 protein or HER2 gene amplification defined according to the guidelines proposed by the American Society of Clinical Oncology/College of American Pathologists (ASCO/CAP) from 2013. 3 The immunohistochemistry (IHC) scoring system classifies HER2 expression status as positive (3+) if circumferential membrane staining is complete and intense in .10% of tumor cells. In the case of dual probe fluorescence in situ hybridization (FISH) technique, positive cases are defined as follows: HER2/CEP17 ratio $2.0 or when HER2/CEP17 ratio is ,2.0 but mean HER2 copy number is $6.0 signals/cell.
The fact that after monotherapy with trastuzumab in patients with metastatic breast cancer objective response rate was 15%-26% suggests the presence of mechanisms determining trastuzumab resistance. 4, 5 Potentially, resistance to trastuzumab treatment could be caused by several events including 1) overexpression of MUC4 protein (that masks epitopes recognized by trastuzumab), 2) activation of HER2 signaling cascades: heterodimerization of HER2 with HER3, HER4, EGFR, activating mutations of PIK3CA (phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit), downregulation of PTEN protein expression. 2, 6, 7 The influence of these potential factors on HER2-positive breast cancer patients survival is currently widely studied.
The status of HER2 was also investigated regarding its influence on breast cancer patients' survival. It appears that in neoadjuvant setting and in the case of metastatic cancer higher level of HER2 amplification is related to higher rate of response to trastuzumab or longer survival. [8] [9] [10] [11] [12] [13] However, the role of HER2 amplification in adjuvant setting is controversial. 8, [14] [15] [16] [17] [18] Therefore, the aim of our study was to analyze the relationship between HER2 status (HER2/CEP17 ratio, gene copy number, and polysomy of chromosome 17) and potential factors related to trastuzumab resistance (PTEN, IGF-1Rβ, MUC4, HER3, HER4, EGFR expression, PIK3CA mutations) as well as its prognostic value for metastasis-free survival of HER2-positive breast cancer patients treated with trastuzumab in adjuvant setting. Studies investigating the abovementioned biological parameters and their relationship in a group of breast cancer patients treated with trastuzumab in adjuvant setting are sparse. Moreover, we investigated numerous parameters related to different mechanisms of trastuzumab resistance, and thus, the results of our study might be of interest to oncologists and pathologists.
Patients and methods Patients
The investigated group consisted of 117 patients with invasive ductal breast cancer (T$1, N$0, M0) with overexpression of HER2, who underwent radical surgery between 2007 and 2014 at the Department of Surgical Oncology, Maria Sklodowska-Curie Memorial Cancer Centre and Institute of Oncology, Cracow Branch. The patients received neither neoadjuvant chemotherapy nor radiotherapy. After surgery, trastuzumab in adjuvant setting was applied as well as chemotherapy and radiotherapy in selected cases. Patients with tumors presenting estrogen/progesterone receptor (ER/PR) expression additionally received hormonotherapy. Data concerning clinical and histological parameters are presented in Table 1 . The mean age of patients was 53.4 ± 0.9 years (mean ± standard errors of mean [SEM]), median was 56 years and range was from 31 to 79 years. The study received approval from the Ethical Committee at the Regional Medical Chamber in Cracow (decision from 4th December 2013). This was a retrospective study utilizing archived tissues, with no direct patient contact, no modification of diagnostic or treatment procedures, and no personal patients' data revealed; in this case, no specific patient consent was needed. 
Material
The study was performed on archival formalin-fixed paraffinembedded (FFPE) tissues. Tumor specimens were reexamined independently by two pathologists (A.H-L., A.A.) to confirm histological diagnosis and tumor grade as well as to assess tissue amount and quality needed for this study.
HER2 Fish testing
In the assessment of HER2 status, immunohistochemistry (IHC) was applied and followed by FISH in selected cases, ie, if the results of IHC were equivocal (the expression assessed as 2+) ( Figure 1A ). In the investigated group, we additionally assessed status of HER2 gene in cases with 3+ IHC score, which constituted most of the patients (77.4%) ( Figure 1B The slides were evaluated according to ASCO/CAP 2013 recommendations. 3 The status of HER2 gene was defined as follows: 1) amplification of HER2 gene was defined as HER2/CEP17 ratio $2 ( Figure 1C and D) or HER2 gene copy number $6 signals per cell and 2) polysomy was defined as average number of signals from centromere of chromosome 17 per cell $3 ( Figure 1E ).
ihc
Status of ER, PR, and HER2 expression was retrieved from patients' files (diagnostic procedures). HER2 overexpression was assessed using HercepTest (Dako Agilent Pathology Solutions) according to recommended manufacturer's procedure.
Presence of .1% of tumor cells expressing ER or PR (nuclear) and EGFR (membranous) classified tumor as immunopositive. Expression of PTEN, IGF-1R, MUC4, EGFR, HER3 ( Figure 1F ), and HER4 was assessed immunohistochemically. Table 2 contains details of IHC procedures. BrightVision detection system (Immunologic, Duiven, The Netherlands) and DAB (Vector Laboratories, Inc., Burlingame, CA, USA) were used for visualization.
Expression of investigated proteins was evaluated only in the invasive component of the tumors. Cytoplasmic expression of HER3, HER4, IGF-1R, MUC4, and PTEN was estimated using histological score (H-score) calculated as:
H-score = (1 × percentage of weakly positive cells) + (2 × percentage of moderately strong positive cells) + (3 × percentage of strongly positive cells).
The whole panel of IHC results was not available for all cases due to insufficient amount of tissue in paraffin blocks or small fragments of tumor tissue, which hindered obtaining reliable results (Table 2 ).
qPCR analysis of PIK3CA mutation status Details concerning DNA isolation and PCR procedure were described elsewhere. 19 DNA was isolated from FFPE tumor tissue blocks using ReliaPrep FFPE gDNA Miniprep System from Promega Corp. qPCR reactions were performed to identify presence of H1047R and E545K PIK3CA mutations using assays manufactured by Thermo Fisher Scientific on ViiA 7 Real-Time PCR System (Thermo Fisher Scientific). Received data were analyzed using Mutation Detector Software.
statistical analysis
For continuous variables, descriptive statistics were used to determine mean values and SE. Kruskal-Wallis ANOVA test with Bonferroni correction was applied for testing differences between groups. Relationships between categorical variables were analyzed using Yates test for 2×2 tables or Pearson χ 2 (for variables with .2 categories). Pearson product-moment correlation coefficient was estimated to test correlation between continuous variables.
Metastasis-free survival was estimated as time from surgery to clinically or radiologically confirmed metastases. The probability of survival was estimated using the Kaplan-Meier method. The log-rank test was used to investigate the statistical significance of the differences observed 
Results
relations between status of her2 and clinical and biological parameters
In the examined group, 29 tumors presented expression of HER2 protein (based on IHC) classified as 2+, while 86 classified as 3+. FISH confirmed amplification of HER2 gene in 115 cases; however, in 2 cases with IHC assessed as 3+ we did not observe HER2 gene amplification. Mean CEP17 probe signal per cell was 2.8 ± 0.1 (mean ± SE) (range 1-8.2), HER2 copy number was 16.6 ± 0.8 (range 1.6-38.4), and HER2/ CEP17 ratio was 6.7 ± 0.4 (range 1.2-17.5). Higher level of HER2 protein (IHC 3+) corresponded to higher HER2 copy number per cell and HER2/CEP17 ratio (Table 3) . Steroid receptor-positive tumors presented lower HER2 copy number per cell and HER2/CEP17 ratio (Table 3) . Other parameters including pT, pN, grade, mutations in PIK3CA gene, and EGFR expression were not associated with any parameters investigated by FISH technique (Table 3 ). In the case of other proteins, the following correlations were found: positive correlation between HER2 gene copy number and HER4 expression (r=0.201, p=0.033) and negative correlations between: 1) HER2 gene copy number and HER3 as well as IGF-1R expression (r=−0.278, p=0.003; r=−0.314, p=0.001, respectively) and 2) HER2/CEP17 ratio and IGF-1R (r=−0.227, p=0.019). MUC4 expression correlated with neither HER2 gene copy number nor HER2/CEP17 ratio.
We observed that tumors with polysomy were characterized by higher number of HER2 gene copy number per cell but lower HER2/CEP17 ratio ( Table 3) . Expression of HER3, IGF-1R, MUC4, HER4, and PTEN did not differ between groups of tumors with and without polysomy of chromosome 17. Figure 2A ). Among parameters related to HER2 status, HER2/CEP17 ratio was the only factor with cutoff point (#4) on the border of statistical significance (Table 4 , Figure 2B ). However, it is worth mentioning that patients with tumors featuring HER3 immunonegativity or low HER2/ CEP17 ratio (#4) were characterized by 100% metastasisfree survival. We also studied cumulative effect of HER3 expression and HER2/CEP17 ratio to determine if creating a group with two potentially negative factors can improve statistical significance. Patients with tumors presenting both strong HER3 positivity and high HER2/CEP17 ratio were characterized by a very high statistically significant poorer prognosis ( p=0.001) (Table 4, Figure 2C ).
Discussion
The studied group consisted of patients with HER2 IHC score 3+ and those with IHC score 2+ with confirmed HER2 amplification who received trastuzumab according to ASCO/ CAP 2007 recommendations. 20 At the end of 2013, the new ASCO/CAP recommendations were provided. These recommendations were less discriminating, and that is why some carcinomas previously classified as negative would be considered positive according to the new classification. 21, 22 Therefore, even if 2013 recommendations were applied in our group, all patients would still be considered as HER2 positive.
In the investigated group, we discovered two cases with HER2 overexpression (3+) but without HER2 amplification. The correlation between IHC and FISH results is well known, although there are some discordant cases. A study on 6,556 breast cancer tissue specimens showed that in the group of 707 patients with IHC scored as 3+, amplification was confirmed in 91.7% of cases. 23 It is suggested that in IHC 3+/FISH− cases, discordance can be explained, at least partially, by polysomy 24 or epigenetic/posttranscriptional events as suggested by Tsuda et al. 25 It is worth mentioning that in our study one of the two IHC 3+/FISH− tumors was polysomic. On the other hand, in the case of tumors without HER2 expression but with HER2 amplification, this variance could be due to incomplete amplification of the smallest HER2 region of chromosome 17q11-12. 26 In our study, we observed that tumors with polysomy were characterized by higher number of HER2 gene copy number per cell but lower HER2/CEP17 ratio. Probably in tumors without polysomy the increase of HER2 gene copies is caused only by amplification of HER2 gene on chromosome 17, while in tumors with polysomy (according to our observations) higher number of HER2 gene copy is caused mostly by polysomy of chromosome 17.
In the investigated group, HER2/CEP17 ratio values varied from 1.2 to 17.5 and HER2 copy number varied from 1.6 to 38.4, which is in the range reported by other authors. 14, 15 Data concerning relation between HER2/CEP17 ratio and HER2 copy number with clinical and biological features are sparse. To the best of our knowledge, our study is the first one to investigate relation between parameters associated with HER2 status (HER2 gene copy number, HER2/CEP17 ratio, and polysomy) and potential biological features related to trastuzumab resistance (expression of PTEN, IGF-1R, MUC4, EGFR, HER3, HER4, and mutation status of PIK3CA). For most of these factors, we did not note any relationships. However, similarly to other authors, we observed higher HER2/CEP17 ratio and HER2 copy number # "absent" tumors without h1047r or e545K PIK3CA mutations; "Present" tumors with h1047r or/and e545K PIK3CA mutation. The statistically significant differences are indicated using bold font. Abbreviations: EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor type 2; MFS, metastasis-free survival.
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her3 expression and HER2 amplification in HER2-positive breast cancer in ER-negative tumors. 12, 27, 28 This relation was discovered not only if variables were dichotomous (the group divided to: ER-positive or ER-negative cases as well as HER2-overexpressing or non-HER2-overexpressing cases) but also then analyzed as continuous variables (ER and HER2 measured as quantitative value). 28 Konecny et al assessed HER2/neu protein levels by ELISA and ER/PR (hormone receptor [HR]) expression by enzyme immunoassay in one cohort, while in the second cohort HER2/neu gene copy number was assessed by FISH and ER/PR expression by radioligand binding. They noted that not only levels of HER2 overexpression/gene amplification were negatively correlated with ER/PR levels, but even more importantly HRpositive/HER2-positive tumors had statistically significantly lower ER/PR levels than HR+/HER2-negative cases. 28 This negative relation can be explained by the fact that HER2 overexpression can induce transcriptional repression of ER gene. Pietras et al demonstrated that HER2 overexpression in ER-dependent tumor cells promote ligand-independent downregulation of ER and a delayed autoregulatory suppression of ER transcripts. 29 Moreover, Konecny et al showed that transfection of HR-positive human breast cancer cell lines with HER2 gene resulted in statistically significantly lower levels of ER and PR expression than in parental lines. 28 Similarly to Varga et al, we did not observe any relationship between HER2/CEP17 ratio or HER2 copy number and tumor stage (pT) or nodal status. 30 However, contrary to us, they found correlation between the abovementioned parameters and histological grade, 30 which can be caused by differences in clinical characteristics of analyzed groups.
We also observed higher HER2 copy number in tumors with HER2 expression estimated by IHC as 3+. Positive relation between HER2 overexpression (IHC) and HER2 amplification (FISH) is well known and confirmed in large studies involving up to several thousand patients. 23, 31 Moreover, the level of HER2 mRNA (assessed by RT-PCR) was positively correlated with HER2 amplification (FISH) 32 and HER2 expression, 32, 33 what translates into a straightforward pathway: more gene copy number, more mRNA transcripts and, in the end, higher level of protein expressed.
We did not observe relation between parameters associated with HER2 status (ie, HER2 gene copy number, HER2/ CEP17 ratio or polysomy of chromosome 17) and PIK3CA mutation. It is confirmed by other authors who reported that mutations of PIK3CA gene were found in both HER2-negative and HER2-positive components. 34 Janiszewska et al, who investigated co-occurrence of PIK3CA mutation and HER2 amplification, observed that most cells with His1047Arg mutation of PIK3CA did not contain amplified HER2 gene and suggested that these two alterations are independent genetic events. 35 We also investigated if magnitude of HER2 amplification is related to patients' survival after treatment with trastuzumab. According to HERA trial, adding trastuzumab to treatment schedule improves 10-year disease-free survival in the group of HER2-positive early breast cancer patients. 36 Positivity of HER2 was defined as IHC score 3+ or HER2/CEP17 ratio $2 for tumors with IHC score 2+. 14 FISH performed retrospectively for 3+ samples revealed a subgroup of 41 tumors with HER2/CEP17 ratio ,2; however, due to small number of cases evaluation of possible benefit from trastuzumab treatment in this subgroup was not performed.
14 In N9831 adjuvant trastuzumab trial, benefit from trastuzumab was observed in patients with IHC score 3+, with HER2/CEP17 ratio $2 and if those two parameters were simultaneously present. For patients with tumors characterized by IHC 0-2+ or HER2/CEP17 ratio ,2, higher disease-free survival probability was observed but was not statistically significant. 17 The relationship between HER2 status and HER2-positive breast cancer patients' survival after trastuzumab therapy is still under investigation, and it is difficult to draw clear conclusions. One of the problems is the variety of treatment schedules (neoadjuvant/adjuvant) and of breast cancer stage (early/metastatic). It appears that in neoadjuvant setting HER2 amplification is positively correlated with more frequent pathological response to trastuzumab treatment, 10, 37 but not necessarily to higher survival rate. 37 In case of metastatic breast cancer, most of the studies noted relationship between higher values of HER2/CEP17 ratio and longer time to progression 9, 11, 12 or overall survival 9 or higher probability of an objective response. 13 However, Gullo et al reported that increased level of HER2 amplification in metastasis compared to primary tumor was associated with shorter overall survival. 38 The situation regarding adjuvant treatment of HER2-positive breast cancer patients is even more complicated.
In our study, high HER2/CEP17 ratio seems to be related to shorter metastasis-free survival (at the significance border). Meta-analysis published in 2016 stated that HER2 amplification is not a prognostic factor. 8 However, this report was based on three studies, presenting inconsistent results: [14] [15] [16] 1) lack of statistically significant relation between HER2 amplification and disease-free survival, 14 2) very high and low HER2 copy number associated with longer progression and overall survival, 16 and 3) high HER2/CEP17 ratio and HER2 copy number related to shorter disease-free survival. 15 In 2016, another article was published (not included in the meta-analysis), in which authors, similarly to us, reported poorer disease-free survival rate for patients with tumors characterized by high HER2/CEP17 ratio, although about 15% of those patients received neoadjuvant chemotherapy. 18 Therefore, the role of HER2 amplification still seems to be undetermined in patients treated with trastuzumab in adjuvant setting. However, data obtained so far suggest that HER2 amplification is not a crucial factor for survival of HER2-positive breast cancer patients and its influence can be very slight.
In our study, HER3 expression was a significant tumor feature affecting patients' survival. There are also other studies confirming that expression of HER3 is an indicator of shorter survival. 39 ,40 Therefore, we analyzed combined effect of HER3 expression and HER2/CEP17 ratio and noted statistically significant ( p=0.001) shorter metastasis-free survival in patients with tumors presenting HER3 expression together with high HER2/CEP17 ratio. It is not surprising, considering the fact that HER2 amplification is related to higher HER2 expression and HER2/HER3 heterodimer is considered the strongest activator of signaling pathways among EGFR family dimmers. 41 Moreover, high level of HER2/HER3 dimers has been identified as an indicator of reduced relapse-free and overall survival. 42 Therefore, the concept that blocking of HER2/HER3 heterodimerization can improve treatment outcome has a solid biological background. Pertuzumab is a monoclonal antibody against second domain of extracellular fragment of HER2, thus blocking its dimerization with other members of EGFR family. 43 Many trials were conducted to evaluate efficiency of pertuzumab; however, its significance in adjuvant settings was confirmed only in the last year. 44 Presented results showing HER3 expression as a marker of poorer survival after trastuzumab in adjuvant setting place them in clinical reality, suggesting the necessity of blocking of dimerization process, which is in agreement with recently published data from APHINITY trial. This clinical study concerned patients with nonmetastatic, 
4533
her3 expression and HER2 amplification in HER2-positive breast cancer adequately excised, node-positive or high-risk nodenegative, histologically confirmed invasive HER2-positive breast cancer. The participants were randomly assigned to receive pertuzumab or placebo added to standard adjuvant chemotherapy plus 1 year of trastuzumab treatment. The trial demonstrated significantly higher 3-year rate of invasive disease-free survival in the pertuzumab group. 44 It might lead to approval of using pertuzumab in adjuvant setting, as it has been approved in metastatic breast cancer or neoadjuvant treatment. CLEOPATRA study showed that adding pertuzumab to trastuzumab and docetaxel improved median duration of response, and based on those results, FDA approved in 2012 this treatment as first line for metastatic HER2-positive breast cancer. 45 In 2013, based on NeoSphere trial data, pertuzumab was approved in neoadjuvant treatment (pertuzumab/trastuzumab/chemotherapy) for HER2-positive, locally advanced, inflammatory or early-stage high-risk breast cancers. 45 Those data clearly demonstrated that dimerization of EGFR family members is a significant problem, influencing efficiency of trastuzumab treatment in all stages of cancer development and treatment schedule. Remembering that HER2/HER3 heterodimer is the most potent proliferation stimulator among all dimers of the EGFR family, it is not surprising that expression of HER3 is confirmed in some publications, including ours, as a marker of poorer survival.
Of course, we are aware of the limitations of our study. First limitation is the size of the group. However, we investigated a very specific cohort: HER2-positive breast cancer patients treated with adjuvant chemotherapy combined with trastuzumab. This was a single institution retrospective study, which might be treated both as a disadvantage and as an advantage. The investigated group consisted of a smaller number of patients, but all patients included in our study were diagnosed by the same team of pathologists and evaluation of FISH was done by the same person, who performed the assessment of HER2 gene status for diagnostic purposes. Also, all patients were operated at our institution, and we can have a long follow-up. In the future, we intent to enlarge the investigated group.
Although the degree of HER2 amplification might not be a decisive factor for survival of HER2-positive breast cancer patients, it probably could be analyzed with other parameters and help in distinguishing patients with worse prognosis.
Conclusion
Lower HER2 copy number per cell and HER2/CEP17
ratio is associated with ER receptor positivity and lower level of HER2 protein (IHC 2+).
2. Tumors with chromosome 17 polysomy are characterized by higher number of HER2 gene copy number per cell but lower HER2/CEP17 ratio. 3. Presence of both unfavorable factors: HER3 expression and high HER2/CEP17 ratio are related to statistically significant shorter metastasis-free survival.
